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1. INTRODUCTION 
The chemolithotrophic bacterium Nitrosomonas 
oxidizes ammonia to nitrite with hydroxylamine as 
intermediate. The enzyme hydroxylamine oxidore- 
ductase (HAO) catalyzes the 2 e- dehydrogenation 
of NH20H (forming HNO) and subsequent net 
addition of an 0 atom from dioxygen to form 
HN02. The enzyme is an c113& hexamer [ 11: (Y con- 
tains 1 CO-binding heme P460 [2,3] and 6 c-type 
hemes; p contains 1 c-type heme. The substrate 
NH20H apparently binds at or near the heme P460 
center and electrons are transferred to enzyme 
c-hemes from heme P460 141. 
possible to rule out the production of Hz02 after 
mixing of anaerobically reduced HA0 and oxy- 
genated solution. 
We report the reaction of HA0 (photoreduced 
with DALF) with oxygen at a rate commensurate 
with the turnover rate for HA0 in vitro and in vivo, 
the partial identification of the product of 02 re- 
duction, the identification of site of 02 reaction on 
HA0 and the sequence of reoxidation of heme P460 
and c-hemes with (Y absorption maxima at 552 and 
558 nm. 
2. MATERIALS AND METHODS 
Because ferrous P460 binds CO, one would ex- 
pect that it also binds 02 and may be involved in 
activation of dioxygen [5,6] for oxygenation of ni- 
trogenous compounds such as HNO (and possibly 
NI-IQ,Activation of dioxygen may very likely in- 
volve initial 2 e - reduction of 02 prior to bond 
cleavage (see [ 171). Ferrous hemes of HA0 are rap- 
idly oxidized by Hz02 (Hooper, A.B., Debey, P., 
Andersson, K.K. and Balny, C. unpublished). It has 
not been possible to study reaction of ferrous hemes 
of HA0 with 02 because full reduction of the en- 
zyme usually required an excess of reductant (e.g., 
Na$$04 or acridine orange) which, when mixed 
with 02, produce H202. Thus, one could not con- 
fidently state that reoxidation was by reaction with 
02 as opposed to H202. This difficulty has been 
overcome in the present work by the use of photo- 
reduced deazalumiflavin (DALF) as reductant. 
Because the reducing species of DALF disappears 
immediately upon cessation of illumination [S] it is 
2.1. Enzyme and chemicals 
Pure HA0 was prepared from Nitrosomonas as in 
[2]. Pure cytochrome c-peroxidase was a gift of Dr 
T. Yonetani, University of Pennsylvania (prepared 
according to [9]). Deazalumiflavin was a gift of Dr 
J.M. Lhoste. Carbon monoxide, argon and nitrogen 
contained <3 ppm 02. EDTA and bovine liver 
catalase (C 40) were from Sigma. 
2.2. Photoreduction of enzyme 
A volume of enzyme ( - 1.2 PM HAO; - 30 PM 
total heme), 0.1 M Na/K-phosphate solution (pH 
7.5) 18 PM deazalumiflavin (from a 1 mM stock 
solution in dimethylformamide), 10 mM EDTA 
and 1.7 X lo3 U/ml catalase was degassed by 
bubbling with Argon for 20 min. The solution was 
transferred into the drive syringe of the stopped-flow 
apparatus, degassed for an additional 30 min and 
illuminated for 30 min with a 120 W halogen lamp 
at 15 cm from the syringe. In a typical series of 
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stopped-flow experiments over 4 h, the photore- 
duction was supplemented with 4 periods of 10 min 
illumination. 
2.3. Kinetics of reoxidation of photoreduced 
enzyme 
Kinetic measurements were made with an anae- 
robic stopped flow mixing apparatus (designed by 
C. B.; built in Montpellier) adapted to the Aminco 
DW-2 spectrophotometer [lo]. Kinetic constants 
have an estimated error of + 20%. The temperature 
of syringes and mixing chamber was maintained at 
+ 20 t 0.1 “C with a circulating bath from Colora 
Messtechnik. 
Because the spectrophotometer was used in the 
dual-beam mode, 700 nm (where neither HA0 or 
the CCP-Hz02 complex absorb) was chosen as ref- 
erence wavelength. Wavelength combinations for 
the various pigments were as follows: reduced heme 
~-552,552 minus 700 nm; reduced heme ~-558,560 
minus 700 nm; reduced heme P460, 462.5 minus 
483 nm. The latter wavelength pair was selected 
because the increase in absorbancy associated with 
oxidation of c hemes (concomitant with P460 oxida- 
tion) was about the same at 462.5 and 483 nm. For 
measurement of Hz02 production, reduction of 
HA0 c hemes (assayed at 522 nm, an isobestic 
point for formation of CCP-H202 complex, 
minus 700 nm) was compared with formation of 
CCP-H202 complex (assayed at 436 nm, an isobes- 
tic point for HA0 c heme reduction, minus 700 
nm). Extinction coefficients used were: CCP-Hz02 
minus CCP, AE438 = 17.5 mM -‘. cm -I; HAO, 
total c hemerfduced minus oxidized, AE422 = 4.0 
mM_’ .cm . 
Rapid scan measurements were carried out with a 
Union Giken (Osaka), model RA 415 and RA 40 1 
fast response spectrophotometer [ 1 l] equipped with 
the anaerobic stopped flow device (maximum re- 
cording speed: 95 nm/ms). 
3. RESULTS AND DISCUSSION 
3.1. Kinetics of oxidation of HA0 hemes 
Stopped-flow mixing of DALF-reduced HA0 
with air-saturated solution (final cont. 0.125 mM 
02) resulted in rapid re-oxidation of c hemes with a 
reduced (Y maximum at 552 nm (tig.1). Re-oxida- 
tion of c-552 occurred in 3 phases of -0.2, 70 and 
500 s representing -58,26 and 16% of the 552 nm 
300 
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Fig. 1. Kinetics of oxidation of HA0 ferrous heme c-552 
by oxygen. Change in absorbancy at 552 nm (reference 
700 nm) recorded in the slow (curve A) and fast (curve B) 
time scale. Inset, semilogarithmic plot of data: Al, from 
curve A; A2, calculated by subtraction of slow-phase 
absorbancy change from curve Al. The final time points 
(FP) are 12 min. 
absorbancy, respectively. Semi-logarithmic plots of 
phase 1, 2 and 3 yielded first order constants (kobs) 
of 14,0.03 and 0.005 s -I, respectively. 
Kinetic data for heme P460 and c-hemes with 
absorption maxima at 552 and 558 nm are summar- 
ized in table 1. The c-hemes with absorption max- 
ima at -560 nm were reoxidized in 3 phases of 
rather similar length and rate constants as observed 
for c-552: phases 1, 2, 3, of 0.17, 100 and 400 s 
duration and rate constants 16, 0.033, 0.008 s -‘, 
respectively. In contrast to c-552, the majority of 
c-558 was reoxidized in the second phase (26%, 
58% and 16% in phases 1, 2 and 3, respectively). 
Reoxidation of heme P460 was biphasic with ap- 
parent first-order rate constants of 20 and 2.5 s -’ 
for the first and second phases, respectively. Sig- 
nificantly, 60% of P460 reoxidation was complete in 
0.17 s, corresponding in rate constant and duration 
of phase 1 for c-hemes. In sharp contrast to reoxi- 
dation of c-hemes, however, reoxidation of heme 
P460 was essentially complete in 0.4 s. 
3.2. Sequence of oxidation of P460, c-552 and c-558 
The combination of stopped-flow kinetic measure- 
ments at a fixed wavelength (fig.1, table 1) and 
rapid-scan measurements (fig.2) supported a tenta- 
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Table 1 
Kinetic data for oxidation by dioxygen of ferrous hemes P460, c-552 and 
c-558 of HAO 
x"•lapsed 
_ ~(s) 
Component 
Phase I Phase II Phase III 
0.17-0.2 0.4 70-100 400--500 
P460 kobs (s - 1) 20 
(%) (60) 
c-552 kobs (s -1) 14 
(%) (58) 
c-558 kobs (s- l)  16 
(%) (26) 
2.5 
(40) 
0.03 0.005 
(26) (16) 
0.033 0.008 
(58) (16) 
Values were determined as in fig.l and section 2. The fraction reduced in 
each phase and duration of each phase was estimated by extrapolation to 
zero-time values in semi-logarithmic plots. Probable error ___ 20% 
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five sequence of reduction for hemes P460, c-552 
and c-558 (approximate molar ratios, 1:5:2). Based 
on the slightly greater initial rate constant, heme 
P460 appears to have been oxidized very early. 
Based on rapid-scan measurements a heme c-552 
was the first c-heme to be oxidized in phase 1 with 
almost the same kinetics as P460 (table 1). The first 
c-heme to re-oxidize is probably a low potential 
heme which may be spin-coupled to P460 [12,13]. 
The next event simultaneous oxidation of -2  
hemes c-552 and a heme c-558 during the latter part 
of the rapid phase (fig.2A,B). Phase 2 appears to 
have involved simultaneous oxidation of 1 c-552 
and 1 c-558 (fig.2C). The last heme to be oxidized 
was clearly a c-552. The latter was, in fact, some- 
times extremely slow to reoxidize ( - 30 min). 
Fig.2. Rapid-scan spectrophotometric measurement in
the Soret region of the oxidation by dioxygen of ferrous 
c-hemes of HAO. Scanning time 5 ms. Numbers on the 
figures indicate the elapsed time after mixing (ms): (A) 
direct spectra including spectrum of the fully oxidized 
form (3 x 105 s); (B or C) differential spectra computer- 
calculated with reference to the final spectrum (165 or 
8035 ms after mixing, respectively). Conditions as in sec- 
tion 2. HAO 0.18 ~M (4.3/~M total heme). 
301 
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3.3. Heme P460 is the Oy-reactive site 
Heme P460 was apparently the site of reaction 
with 02 as indicated by inhibition with CO of 
02-oxidation of ferrous HAO. P460 is the only 
CO-binding heme of the enzyme [3]. CO was bubbled 
for 5 min through photoreduced enzyme solu- 
tion. After rapid mixing the CO and 02 were 0.5 
and 0.125 mM, respectively. Under these conditions 
reoxidation of c-552 was much slower (rapid phase 
1, kobs 0.06 s -’ as compared with 20 s -’ in absence 
of CO). The kinetics of reoxidation in presence of 
CO were complex and presumably reflected disso- 
ciation of CO and competition of 02 and CO for 
P460. Disappearance of the HAO-P460-Fe!? CO 
form, measured as the decrease in absorbancy at 
450 nm, occurred at a very low but constantly in- 
creasing rate and required - 100 s for completion. 
Inhibition by CO was determined with the 
Aminco DW-2 spectrophotometer after rapid mix- 
ing. When 02 solution and enzyme solution con- 
taining HAO-P460-Fe2+-CO were mixed by 
stopped-flow and absorption measurements made 
in the Union Giken instrument, photodissociation 
of the CO complex occurred. The phenomena results 
from the placement of the sample between light 
source and monochromator in the Union Giken 
spectraphotometer. The photodissociation was 
prevented by the use of an appropriate optical in- 
terference filter (MT0 France, X,,, 412 nm, band 
pass 16 nm between light source and sample com- 
partment. Inhibition by 0.5 mM CO was complete 
in the presence of the optical filter (k&s 0.08 vs 
10 s -’ for the enzyme in absence of CO). Removal 
of the filter resulted in significant prevention of CO 
inhibition (kobs 4 s -‘), confirming the role of a 
CO-binding compound (P460). We conclude that 
electrons pass from c-hemes to P460 and then to 
oxygen. During oxidation of 7 c-hemes of HAO, 
heme P460 must undergo 7 cycles of reduction and 
oxidation. 
3.4. Product of 02 reduction 
Because heme P460 has associated with it a res- 
ervoir of 7 ferrous c-hemes, an 02 molecule may 
theoretically be reduced by 1, 2, 3 or 4 electrons to 
02, H202, Hz0 + % 02 or 2 H20, respectively. 
Superoxide would immediately form Hz02 (review- 
ed in [14]). Using cytochrome c peroxidase (CCP) 
as a reagent, Hz02 was shown to be the major prod- 
uct of reduction of 02 by HA0 (fig.3). The kinetics 
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of oxidation of HA0 c-hemes as determined.at 522 
nm (an isobestic point in CCP-H202 complex for- 
mation) were the same in presence or absence of 
CCP. Further, formation of the CCP-H202 com- 
plex measured as the increase in absorption at 438 
nm (an isobestic point in the reoxidation of HAO), 
took place with the same initial kinetics as for 
c-heme oxidation. During the first 50 s of reaction, 
oxidation of - 14 PM HAO-heme (capable of 
production of -7 PM H202) resulted in formation 
of 5.5 (IM CCP-Hz02 complex. The results suggest 
that Hz0 is not the major product of 02 reduction 
by HAO. Rather, oxygen is reduced to 02 and/or 
H202. 
3.5. Significance of 02 reduction by HA0 
As a working model, turnover of HA0 in N-oxy- 
genation is thought to involve removal of electrons 
from N-substrates, passage of electrons via P460 to 
c-hemes, binding of 02, passage of electrons from 
c-hemes through P460 to 02, cleavage of oxygen 
and reaction of both oxygen atoms with N-CQm- 
pounds. Utilization of both oxygens (the absence of 
HzO-production by a ‘mixed-function’ scheme) 
follows from the chemistry of ammonia oxidation: 
assuming that 2 e- (+ 2 H+) come from nitrogen in 
the NHzOH-HNO step (and reduce 02 to water as 
a part of proton pumping) there are insufficient 
additional valence electrons in the N-atom to allow 
O-addition to NH3 (producing NHzOH), O-addi- 
tion to HNO (producing HN02) and also the re- 
moval of electrons for the production of water. 
We suggest that the reduction of oxygen by HA0 
522-700 nm 
I 20 40 60 60 100 
TIME (set) 
Fig.3. Simultaneous oxidation of ferrous HA0 by oxygen 
(AA522-700) and formation of CCP-Hz02 complex 
(&438-700). 
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reported here represents a part of the 2 e - reduc- 
tion and activation of 02 for oxygenation of N-in- 
termediate(s). The rate constant observed here for 
the oxidation of P460 and 4 of the 7 c-hemes/heme 
P460 in the rapid phase of the reaction with air- 
saturated solution is kobs = 14 s -I. Assuming that 
electrons from c-hemes must funnel through P460 
(so that P460 is, in fact, in a transient steady-state 
during this phase of the reaction) this translates to a 
turnover number of 70 mol electron/mol P460 s -‘. 
In Nitrosomonus, both oxygen atoms of 02 must be 
used in substrate oxygenation. As described here, 
HA0 is capable of generating 70 mol 1 e --reduced 
O/mol P460 s -‘. This value is of the same order of 
magnitude as the turnover number of HA0 in vitro 
or in vivo (120 mol NHzOH/mol P460 s -’ [2]). 
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